Leptospirosis is an underestimated cause of renal failure in Taiwan 
L eptospirosis that is caused by leptospiral infection is a fatal infectious disease of humans and animals and frequently leads to multiple-organ failure (1) . One of the most commonly affected organs is the kidney. However, acute renal failure that is caused by leptospirosis usually is ignored, and the outcome may be fatal if severe leptospirosis is left untreated. We have demonstrated that leptospirosis is an underestimated cause of acute renal failure in Taiwan (2, 3) . Among pathogenic leptospira, Leptospira santarosai serovar Shermani is the main serovar encountered in Taiwan (4) and can colonize in the kidney after hematogenous dissemination. Through the effect of leptospira endotoxin and immunologic response, these organisms can cause tubulointerstitial nephritis (1, 5) . The consequence of tubulointerstitial nephritis that is caused by leptospiral infection is tubular atrophy and interstitial fibrosis if chronic leptospiral infection is untreated (6) . In canine and rat leptospirosis, the disease may undergo a chronic course, leading to tubulointerstitial fibrosis and thus chronic renal failure (6, 7) . From human biopsy studies, chronic infection of leptospirosis has been shown to be associated with chronic interstitial nephritis and fibrosis (8) . Recently, it was reported that leptospirosis led to irreversible tubulointerstitial fibrosis in a young male patient, who subsequently required chronic hemodialysis (9) . Leptospiral lipoproteins, the membrane component of leptospiral endotoxin that is associated with tubulointerstitial nephritic changes, have been found to be expressed in infected renal tubules and vascular lumen of the interstitium (10) . We previously found that outer membrane protein (OMP) extracts from Leptospira santarosai serovar Shermani induced early inflammation through a Toll-like receptor 2 (TLR2) pathway and an increase of inflammatory cytokines and chemokines including inducible nitric oxide (iNOS), monocyte chemoattractant protein-1 (MCP-1), and TNF-␣. Our previous findings provided in vitro evidence of the association between leptospiral infection and tubulointerstitial nephritis (11, 12) .
Tubulointerstitial fibrosis is characterized by excessive accumulation of extracellular matrix (ECM) proteins such as type I and IV collagens (13) . During progression of tubulointerstitial fibrosis, the delicate balance between ECM synthesis and degradation is altered. As ECM synthesis is increased and ECM degradation simultaneously is reduced, ECM proteins accumulate in the interstitium. The degradation of ECM depends on the function of mainly metalloproteinases (MMP) and their inhibitors, tissue inhibitor of metalloproteinases (TIMP), which ensure adequate removal of damaged matrix components. Lines of evidence indicate that TGF-␤ is a major culprit of renal fibrosis in a variety of in vivo and in vitro models (14 -16) . It has been demonstrated that persistent overproduction of TGF-␤1 may lead to ECM accumulation through an increase of ECM synthesis and a decrease of ECM degradation by inducing TIMP production and inhibiting MMP activity (17, 18) .
TGF-␤1 exerts its diverse effects by binding to TGF-␤1 receptor II (TGF-␤1 RII), which subsequently phosphorylates serine/ threonine residues of TGF-␤1 receptor I (TGF-␤1 RI or ALK5) (19, 20) . After phosphorylation, the activated TGF-␤1 RI can further activate downstream target proteins, receptor-activated Smad proteins (R-Smad), Smad2/3. Once activated, Smad2/3 complex recruits Smad4 to form a Smad2/3/4 complex, which finally enters the nucleus to activate target genes such as type I collagen, type IV collagen, and fibronectin (21, 22) , indicating a crucial role of the Smad signaling pathway in the ECM production. The aim of this study was to investigate the effect of Leptospira santarosai serovar Shermani OMP on ECM protein production using a renal proximal tubular cell culture system and to elucidate the mechanisms by which leptospira caused ECM accumulation.
Materials and Methods

Preparation of OMP Extract of Leptospira
The method of extraction of Leptospira santarosai serovar Shermani OMP has been described previously (23) . Briefly, a frequently encountered pathogenic leptospires serovar Leptospira santarosai serovar Shermani (ATCC number 43286) and a nonpathogenic Leptospira biflexa serovar Patoc (ATCC number 23582), were obtained from ATCC (Rockville, MD) and grown in 10% EMJH leptospiral enrichment medium (Difco, Detroit, MI). The OMP was extracted with 1% Triton X-114, 10 mM Tris (pH 8), and 1 mM EDTA at 4°C. After centrifugation, the Triton X-114 concentration in the supernatant was increased to 2%. Phase separation was performed by warming the supernatant to 37°C and subjecting it to centrifugation for 10 min at 2000 ϫ g. The detergent and aqueous phases were separated and precipitated with acetone. The precipitant then was dissolved in water and quantified before further experiments. More than 90% of OMP could be extracted in the Triton X-114 detergent phase.
Cell Culture and Transfection
HK-2 cells, immortalized human renal proximal tubular cells, were cultured in DMEM/Ham's F12 supplemented with 5% FCS, 2 mM glutamine, 20 mM HEPES buffer, 0.4 g/ml hydrocortisone, 5 g/ml insulin, 5 g/ml transferrin, and 5 ng/ml sodium selenite. The flagtagged dominant negative Smad3 was a gift from Dr. Yu-Sun Chang (Biomedical Department, Chang-Gung University, Tao Yuan, Taiwan). To introduce the plasmid cDNA into cells, we used the Fugen-6 system (Roche Diagnostics, Indianapolis, IN) according to the manufacturer's manual.
Real-Time PCR
The method of real-time PCR was described previously (24) . Briefly, total RNA was isolated from HK-2 cells and reverse-transcribed to DNA. Real-time PCR was performed on an ABI-Prism 7700 using SYBR Green I as a double-stranded DNA-specific dye according to the manufacturer's instructions (PE-Applied Biosystems, Cheshire, UK). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a standard housekeeping gene. Primers (human type IV collagen: forward TCAATCACTGTCTTGCCCCA, reverse ACTCTTTTGTGATGCA-CACCA; GAPDH: forward TTCCAGGAGCGAGATCCCT, reverse CACCCATGACGAACATGGG) were constructed to be compatible with a single reverse transcription-PCR thermal profile (95°C for 10 min, 40 cycles of 95°C for 30 s, and 60°C for 1 min). Accumulation of the PCR product was monitored in real time (PE-Applied Biosystems). Type IV collagen gene mRNA expression was expressed relative to GAPDH expression. Fold changes in gene expression in comparison with control were determined.
Western Blot Analysis
Total cellular protein extraction was performed as described previously (23) . Equal amounts of proteins were mixed with the equal volume of reducing SDS sample buffer and boiled for 5 min at 95°C. Protein samples were resolved on a 10% SDS-PAGE and then electroblotted on nitrocellulose membranes (Bio-Rad, Hercules, CA). After electroblotting, nonspecific binding was blocked with 5% nonfat milk solution. The membrane then was incubated with primary antibodies overnight at 4°C followed by incubation with an horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. Proteins were visualized using enhanced chemiluminescence (Amersham, Buckinghamshire, UK) as described previously (25) .
Zymography
The conditioned medium was mixed with the nonreducing sample buffer and left at room temperature for 10 min. Electrophoresis was performed using 7.5% nonreducing SDS polyacrylamide gels that contained gelatin (1 mg/ml). The gels first were placed in 2.5% Triton at room temperature for 1 h and then incubated in the enzyme buffer that was composed of 50 mM Tris HCl (pH 7.6), 10 mM CaCl 2 , and 0.05% Brij overnight at 37°C. The presence of MMP-2 or MMP-9 activity shown as the zones of lysis was demonstrated by staining gels in 0.5% Coomassie Brilliant Blue.
ELISA
Total TGF-␤1 in the cell culture supernatant was measured by specific ELISA (R&D Systems, Minneapolis, MN) of conditioned cell culture supernatant samples. This assay has Ͻ1% cross-reactivity for TGF-␤2 and TGF-␤3. TGF-␤1 concentration was normalized to number of cells, determined by cell counting with a Hemocytometer. Data were expressed as pg TGF-␤1/ml per 10 5 cells.
Immunocytochemistry
Cells were fixed with 3% paraformaldehyde for 15 min at room temperature and subsequently were permeabilized with 0.2% Triton in PBS for 5 min at room temperature followed by incubation in 1% albumin in PBS at room temperature for 1 h. Subsequently, cells were incubated with rabbit anti-Smad3 antibodies at 4°C overnight and incubated with FITC-conjugated rabbit anti-mouse antibody at room temperature for 1 h. After washing with PBS, slides were mounted with fluorSave reagent (Calbiochem, Nottingham, UK).
Statistical Analyses
All of the data were presented as means Ϯ SEM. Statistical analysis was performed using ANOVA with Tukey post hoc test. P Ͻ 0.05 was considered to represent a significant difference.
Results
Leptospira Santarosai Serovar Shermani OMP Induced an Increase of Type I and Type IV Collagen Production
To assess whether pathogenic leptospira, Leptospira santarosai serovar Shermani, increased extracellular matrix production, we first assessed production of type I and type IV collagens in response to Leptospira santarosai serovar Shermani OMP in HK-2 cells. After addition of 0.01, 0.1, or 0.3 g/ml of Leptospira santarosai serovar Shermani OMP in HK-2 cells for 72 h, Western blot analysis demonstrated a dose-dependent increase of type I collagen ( Figure 1A ) and type IV collagen ( Figure 1B) . A maximal increase of type I collagen and type IV collagen in response to Leptospira santarosai serovar Shermani OMP was detected when 0.1 or 0.3 g/ml Leptospira santarosai serovar Shermani OMP was added. TGF-␤1-induced increase of type I and type IV collagens, which was in accordance with our previous study (21) , was used as a positive control. To confirm the specificity of Leptospira santarosai serovar Shermani OMPmediated increase of type IV collagen, we added the OMP from a nonpathogenic serovar, Leptospira biflexa serovar Patoc, to HK-2 cells. In contrast to Leptospira santarosai serovar Shermani OMP, Leptospira biflexa serovar Patoc OMP did not result in an increase of type IV collagen (Figure 2 A) .
We previously demonstrated that the lipoprotein was the major component of Leptospira santarosai serovar Shermani OMP corresponding to the increase of MCP-1 and TNF-␣ as Leptospira santarosai serovar Shermani OMP that was inactivated by pretreatment with the heat or proteinase K was unable to induce correspondence to the increase of type IV collagen. In our study, Leptospira santarosai serovar Shermani OMP (0.1 g/ml) was inactivated by boiling (100°C) for 30 min or treatment with proteinase K (10 mg/ml) at 37°C for 30 min. HK-2 cells then were incubated in the medium that contained the heat-or proteinase K-treated Leptospira santarosai serovar Shermani OMP for 72 h. Western blot analysis showed that neither the heat-nor proteinase K-treated Leptospira santarosai serovar Shermani OMP led to an increase of type IV collagen ( Figure  2B ), suggesting that the active component of the Leptospira santarosai serovar Shermani OMP was heat labile and digestible by proteinase K.
Leptospira Santarosai Serovar Shermani OMP-Mediated Increase of Type IV Collagen Was Associated with the Induction of Its Gene Expression
To determine whether the increase of type IV collagen that was stimulated by Leptospira santarosai serovar Shermani OMP involved an enhancement of gene expression, we used realtime PCR to assess type IV collagen gene expression. Real-time PCR revealed that addition of Leptospira santarosai serovar Shermani OMP (0.1 g/ml) for 48 h in HK-2 cells led to an increased expression of type IV collagen mRNA (Figure 3) . The deposition of matrix proteins is a dynamic process that involves a balance of synthesis and degradation of these proteins. To address whether the Leptospira santarosai serovar Shermani OMP-mediated increase of type IV collagen production was associated with a decrease of type IV collagen degradation, we performed zymography to assess alteration of gelatinases. After addition of Leptospira santarosai serovar Shermani OMP (0.1 or 0.3 g/ml) for 3 d, zymography did not detect a difference in MMP-9 ( Figure 4 ) and MMP-2 (data not shown) expression when compared with that of the control. Similarly, the addition of Leptospira santarosai serovar Shermani OMP for 3 d did not cause alteration of TIMP-1 and TIMP-2 secretion as measured by Western blot analysis (data not shown). These results suggested that ECM degradation was not implicated in the Leptospira santarosai serovar Shermani OMP-mediated increase of type IV collagen. 
Leptospira Santarosai Serovar Shermani OMP-Mediated Increase of Type I and Type IV Collagens Was Mediated through the Increase of TGF-␤1 Secretion
TGF-␤1 has evolved as the most essential profibrogenic mediator in the accumulation of ECM proteins. To clarify whether TGF-␤1 was involved in the Leptospira santarosai serovar Shermani OMP-induced increase of ECM proteins, we first assessed secretion of the active form of TGF-␤1 after stimulation of Leptospira santarosai serovar Shermani OMP. After addition of 0.2 g/ml Leptospira santarosai serovar Shermani OMP to HK-2 cells for 3 d, secretion of the active form of TGF-␤1 as measured by ELISA was significantly increased when compared with that of the nonstimulated control (374.8 Ϯ 13.6 versus 239.6 Ϯ 12.1 pg/10 5 cells; P Ͻ 0.001; n ϭ 6) and the Leptospira biflexa serovar Patoc OMP (374.8 Ϯ 13.6 versus 267.0 Ϯ 6.6 pg/10 5 cells; P Ͻ 0.001; n ϭ 6), respectively ( Figure 5 ). In contrast, the increase of TGF-␤1 secretion that was induced by the Leptospira biflexa serovar Patoc OMP was not significantly different from that of the nonstimulated control (267.0 Ϯ 6.6 versus 239.6 Ϯ 12.1 pg/10 5 cells; P ϭ 0.173; n ϭ 6; Figure 5 ). To confirm further the importance of TGF-␤1 in the Leptospira santarosai serovar Shermani OMP-induced increase of ECM proteins, we pretreated HK-2 cells with anti-TGF-␤1-neutralizing antibodies to abrogate TGF-␤1 function 30 min before administration of Leptospira santarosai serovar Shermani OMP. Western blot analysis showed that the addition of anti-TGF-␤1-neutralizing antibodies led to the abrogation of the Leptospira santarosai serovar Shermani OMP (0.2 g/ml)-mediated increase of type I collagen ( Figure 6A ) and type IV collagen ( Figure 6B ) in a dosedependent manner (0.5 and 1 g/ml). The addition of 1 g/ml anti-TGF-␤1-neutralizing antibodies resulted in nearly complete blockade of the Leptospira santarosai serovar Shermani OMP-induced increase of type I collagen and type IV collagen. These data indicate that Leptospira santarosai serovar Shermani OMP stimulated secretion of active TGF-␤1, then led to the increased production of type I and type IV collagens.
Leptospira Santarosai Serovar Shermani OMP-Mediated Increase of Type I and Type IV Collagens Was Associated with Activation of the Smad3 Signal
A TGF-␤ downstream Smad signaling pathway has been implicated in the TGF-␤1-mediated ECM deposition (21, 22) . For confirmation of the indispensable role of the Smad signal activation in the Leptospira santarosai serovar Shermani OMPmediated increase of type I and type IV collagen production, the dominant negative Smad3 was transiently overexpressed in the HK-2 cells followed by stimulation with Leptospira santarosai serovar Shermani OMP for 3 d. Western blot analysis demonstrated that when HK-2 cells were transfected with the empty vector, the addition of Leptospira santarosai serovar Shermani OMP still induced an increase of type I and type IV collagen Figure 3 . An increase of type IV collagen mRNA expression that is induced by Leptospira santarosai serovar Shermani OMP. Confluent HK-2 cells were serum-deprived for 2 d followed by incubation in the absence (C) or presence (LS) of 0.1 or 0.2 g/ml Leptospira santarosai serovar Shermani OMP for an additional 48 h. Subsequently, type IV collagen mRNA expression was quantified by real-time PCR as described in Materials and Methods. Results were expressed as the relative fold increase of type IV collagen mRNA expression over that of the untreated group and represented as mean Ϯ SEM of triplicate measurements from three independent experiments (*P Ͻ 0.01 versus the control group). production ( Figure 7, A and B, lanes 1 and 2) . In contrast, the Leptospira santarosai serovar Shermani OMP-induced increase of type I and type IV collagen production was abrogated by overexpression of the dominant negative Smad3 proteins in HK-2 cells (Figure 7, A through C, lanes 3 and 4) , indicating that the Leptospira santarosai serovar Shermani OMP-stimulated increase of type I and type IV collagens required the Smad signaling pathway.
Discussion
The renal proximal tubular cells are major targets of leptospires (26). In this study, we have shown that mouse renal proximal tubular cells produced inflammatory cytokines such as iNOS, MCP-1, and TNF-␣ in response to stimulation of Leptospira santarosai serovar Shermani OMP. In this study, we demonstrated that the administration of Leptospira santarosai serovar Shermani OMP to human renal proximal tubular cells led to an increase of type I and type IV collagen production, indicating that renal proximal tubular cells play a crucial role in the leptospira-induced tubulointerstitial fibrosis. Tubulointerstitial fibrosis is a major consequence of the leptospiral infection. Although several animal studies reveal that leptospiral infection results in interstitial collagen deposition and tubular basement membrane thickening (6), there is no in vitro study so far to clarify whether there is a direct correlation between leptospiral infection and the induction of collagen production. Our in vitro study provides direct evidence that leptospiral infection can elicit an enhanced production of an interstitial protein, type I collagen, as well as a basement membrane protein, type IV collagen, in renal proximal tubular cells, both of which are characteristics of renal fibrosis.
The leptospiral OMP are essential to determine the virulence of pathogenic leptospires. The most abundant proteins in the spirochetal outer membrane are lipoproteins that have been shown to be implicated in the pathogenesis of tubulointerstitial nephritis (27, 28) . Several studies have identified the complexity of these lipoproteins of the leptospiral outer membrane as important immunogens (29 -31) . The OMP extraction method that we used in this study enriched lipoprotein components of leptospiral OMP. We previously demonstrated that heat and proteinase K treatment of leptospiral OMP extracts significantly reduced their effects on induction of iNOS and CCL2/ MCP-1 expressions in renal tubule cells (12) , suggesting that lipoproteins are main components in the leptospiral OMP extracts, corresponding to the induction of these inflammatory cytokines. Similarly, our study demonstrated that the heat-or proteinase K-treated Leptospira santarosai serovar Shermani OMP failed to induce the increase of type IV collagen production. Although we cannot exclude a role for contaminant leptospiral LPS in OMP preparations, our study clearly indicated that lipoproteins were major components responsible for the Leptospira santarosai serovar Shermani OMP-mediated increase of type IV collagen production.
In this study, administration of the OMP from Leptospira santarosai serovar Shermani induced increased production of type IV collagen, whereas addition of the OMP from a nonpathogenic leptospira, Leptospira biflexa serovar Patoc, did not alter production of this collagen, confirming the specificity of the pathogenic role of Leptospira santarosai serovar Shermani in tubulointerstitial fibrosis. These findings were compatible with our previous report that Leptospira santarosai serovar Shermani is pathogenic in tubulointerstitial nephritis as Leptospira santa- Figure 6 . The inhibition of Leptospira santarosai serovar Shermani OMP-mediated increase of type IV collagen production by neutralizing anti-TGF-␤1 antibody. Confluent HK-2 cells were growth-arrested by serum deprivation for 2 d. HK-2 cells then were treated with 0.5 or 1 g/ml anti-TGF-␤1-neutralizing antibodies and followed by administration 0.1 g/ml Leptospira santarosai serovar Shermani OMP under serum-free conditions for 3 d. Supernatants were collected and subjected to Western blot analysis for production of type I collagen (A) and type IV collagen (B). Figure 7 . Abrogation of Leptospira santarosai serovar Shermani OMP-mediated increase of type I collagen and type IV collagen by overexpression of the dominant negative Smad3 proteins. HK-2 cells were grown to approximately 60 to 70% confluence followed by transient transfection with the empty vector (empty) or the flag-tagged dominant negative Smad3 vector (S3⌬C) for 18 h as described in Materials and Methods. Subsequently, the cells were incubated further in the serum-free medium in the absence or presence of 0.1 g/ml LS for an additional 3 d. Supernatants were collected and subjected to Western blot analysis for production of type I collagen (A) and type IV collagen (B). The overexpression of the dominant negative Smad3 was confirmed by immunoblotting with anti-flag antibody (C).
rosai serovar Shermani but not Leptospira biflexa serovar Patoc and is able to promote expression of iNOS, MCP-1, and TNF-␣.
Renal fibrosis that is characterized by ECM accumulation involves excessive production of newly synthesized ECM components as well as inadequate degradation and clearance of ECM components. In this study, expression of type IV collagen mRNA was upregulated by administration of Leptospira santarosai serovar Shermani OMP, whereas the levels of MMP-9 and TIMP-1/TIMP-2 (data not shown) were unchanged. These findings suggest that the Leptospira santarosai serovar Shermani OMP-induced type IV collagen resulted from new protein synthesis instead of inhibition of its degradation.
Several growth factors such as TGF-␤1 and endothelin-1 have been implicated in renal fibrosis. Recent evidence has suggested a fundamental role for TGF-␤1 as the most critical mediator in development of tubulointerstitial fibrosis. Many studies have demonstrated that TGF-␤1 can stimulate ECM production in different types of cells, including renal fibroblasts and tubular cells, and blocking TGF-␤1 by a variety of strategies such as administration of anti-TGF-␤1-neutralizing antibodies suppresses ECM generation. On the basis of our finding that administration of Leptospira santarosai serovar Shermani OMP led to the increase of type I and type IV collagen production and that Leptospira santarosai serovar Shermani OMP stimulated TGF-␤1 secretion, we postulated that the Leptospira santarosai serovar Shermani OMP-induced ECM accumulation was caused by the enhancement of TGF-␤1 secretion. This hypothesis was confirmed by the evidence that the Leptospira santarosai serovar Shermani OMP-mediated increase of type I and type IV collagens was abrogated by pretreatment of HK-2 cells with anti-TGF-␤1-neutralizing antibodies.
A Smad signaling pathway that transmits TGF-␤ signals is thought to be indispensable in many TGF-␤-mediated cell functions (32, 33) . Several studies using different cell types have indicated clearly that the activation of Smad signals is required in the TGF-␤1-mediated increment of ECM proteins (34) . To delineate the role of the Smad signaling pathway in the Leptospira santarosai serovar Shermani OMP-induced synthesis of type I and type IV collagens, overexpression of the dominant negative Smad3 was used to block the Smad signaling pathway. In this study, we found that overexpression of the dominant negative Smad3 in HK-2 cells inhibited the Leptospira santarosai serovar Shermani OMP-induced increase of type I and type IV collagens, suggesting that Smad3, a downstream mediator of TGF-␤1, plays a pivotal role in this process. Several studies have demonstrated that infection with microorganisms, including parasite, virus, and bacterium, leads to an increase of TGF-␤1 production in different cell types (35) (36) (37) . However, it is not clear that these infections can activate the TGF-␤ downstream Smad signaling. Recently, Jono et al. (36) reported that Haemophilus influenzae infection can activate the Smad4 signaling and that the Haemophilus influenzae-induced increase of mucin production is mediated through the cooperation between the TGF-␤/Smad signaling pathway and the TLR2-dependent pathway in human respiratory and colon epithelial cells. Similarly, our study discloses that the Leptospira santarosai serovar Shermani OMP-induced increase of type I and type IV collagens is mediated through the TGF-␤1/Smad signaling pathway. Whether this reaction is coordinated with the TLR signaling pathway is under investigation.
Conclusion
This in vitro study is the first to provide direct evidence that leptospiral infection can promote ECM production. The Leptospira santarosai serovar Shermani OMP-induced ECM accumulation is regulated by enhancement of ECM synthesis instead of decrement of ECM degradation. This process is mediated by TGF-␤1 and its downstream Smad signaling pathway.
